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Plantdefensesaimedatnecrotrophicpathogensappeartobegeneticallycomplex.Despite
the apparent lack of a speciﬁc recognition of such necrotrophs by products of major R
genes, biochemical, molecular, and genetic studies, in particular using the model plant
Arabidopsis, have uncovered numerous host components critical for the outcome of such
interactions.Although the JA signaling pathway plays a central role in plant defense toward
necrotrophs additional signaling pathways contribute to the plant response network.Tran-
scriptional reprogramming is a vital part of the host defense machinery and several key
regulators have recently been identiﬁed. Some of these transcription factors positively
affect plant resistance whereas others play a role in enhancing host susceptibility toward
these phytopathogens.
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INTRODUCTION
Plants have developed a highly sophisticated immune system that
enablesthemtoperceivepotentialinvadersandtorespondaccord-
ingly to ensure host survival. Depending on the modus by which
pathogensarerecognized,twobranchesofplantimmunityarecur-
rently distinguished based mainly on studies with the model plant
Arabidopsisthaliana (DoddsandRathjen,2010).Patterntriggered
immunity (PTI) is initiated by recognition of molecular struc-
tures characteristic of microbes (designated microbe-associated
molecular patterns; MAMPS) by means of plasma membrane
localized pattern recognition receptors (PRRs; Boller and Felix,
2009). In the case of effector triggered immunity (ETI), prod-
ucts of major resistance (R) genes, usually intracellular recep-
tors, recognize corresponding effector molecules delivered by the
pathogen into the host cell (Block et al., 2008). Although the
molecular connections are not well understood, PTI and ETI
share numerous components and give rise to similar qualitative
responses. In both cases massive transcriptional reprogramming
is a key step to initiate host defenses (Eulgem, 2005). Indeed,
studies of the complex network properties of plant immunity
have illustrated that it is comprised of distinct signaling sectors
that interact with each other in a complex fashion (Tsuda et al.,
2009; Sato et al., 2010). Plant immunity is also regulated by sev-
eral phytohormones, including salicylic acid (SA), jasmonic acid
(JA), and ethylene (ET; Glazebrook, 2005). In general, SA sig-
naling sectors are essential for resistance toward biotrophic and
hemibiotrophic pathogens whereas the JA and ET sectors are
importantforimmunitytowardnecrotrophs(Pieterseetal.,2009).
In this article we report on what is currently known on critical
plant responses upon challenge mainly with necrotrophic fungi.
Our focus of attention is directed toward the identiﬁed regula-
tory factors that modulate host transcriptional outputs in such
interactions.
ARABIDOPSIS–NECROTROPH PATHOGEN INTERACTIONS
Necrotrophic fungi, including Alternaria brassicicola, Botrytis
cinerea, Fusarium oxysporum, and Sclerotinia sclerotiorum consti-
tute the largest class of fungal plant pathogens and are responsi-
ble for severe crop losses worldwide. Whereas resistance toward
biotrophic pathogens is predominantly mediated by the recog-
nition of pathogen effectors by R gene-encoded intracellular
receptors, no R gene-dependent resistance toward necrotrophic
fungi has been identiﬁed. This may in part be a consequence of
the different strategies used by these phytopathogens. Coloniza-
tion by biotrophic pathogens requires maintenance of host cell
integrity at least for a restricted period of time, while the lifestyle
of necrotrophic pathogens is geared to quickly killing host cells.
They do so by employing toxins, various lytic enzymes, and addi-
tional molecules to destroy and decompose plant tissue (van Kan,
2006; Ła´ zniewska et al., 2010).
In Arabidopsis, resistance to B. cinerea appears to be under
complex genetic control (Rowe and Kliebenstein, 2008). Genetic
andpharmacologicalstudieshaveidentiﬁedplantgenesandcom-
poundsthatinﬂuencetheoutcomeofhost–B.cinerea interactions.
MutationsinArabidopsis genesencodingenzymesinvolvedinsec-
ondary cell wall formation and cutin biosynthesis, in a pectin
methylesterase, and in a novel membrane localized protein all
enhanced resistance toward this pathogen (Hernandez-Blanco
etal.,2007;Tang et al.,2007;Mang et al.,2009;Raiola et al.,2011).
Incontrast,mutationsinBIK1,encodingareceptor-likekinasethat
functions in ethylene signaling and PTI, and in several autophagy
genes increase plant susceptibility toward B. cinerea (Veronese
etal.,2006;Laietal.,2011).Similarly,theimportanceoftheJA-and
ET-signaling pathways in plant defense toward B.cinerea has been
inferred from numerous mutant studies, but conﬂicting reports
and identiﬁcation of additional cross-communicating pathways
suggest that our understanding of the speciﬁc host programs
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required for defense toward this necrotroph remains fragmentary,
and in many cases is also affected by the pathogen isolate (Ferrari
et al., 2007; Llorente et al., 2008; Pieterse et al., 2009; Rowe et al.,
2010;Ła´ zniewskaetal.,2010;ElOirdietal.,2011).Partof thecon-
tradictory results may in part be due to differences in the assays
used (infections on detached leaves versus on intact plants), since
detachment of leaves also triggers the leaf senescence program,
thereby complicating interpretations (Liu et al., 2007).
One critical component appears to be camalexin, the major
phytoalexin of Arabidopsis. Plants deﬁcient in the cytochrome
P450 monooxygenase CYP71B15 (PAD3) that catalyzes the ﬁnal
step in camalexin biosynthesis are highly susceptible to B. cinerea
infection (Ferrari et al.,2007;Figure1). Moreover,plants exposed
to treatments that drastically increase camalexin levels (i.e., UV-
C light) are more resistant to this necrotroph (Stefanato et al.,
2009). However, recent studies show that whereas resistance to
some B. cinerea isolates is dependent on the accumulation of
camalexin via JA signaling, this is not the case for other isolates,
indicating that other signaling pathways can be utilized and that
additional defenses are required (Rowe et al., 2010). Moreover,
several mutants including bik1 have been identiﬁed that show
enhanced B. cinerea susceptibility despite having wildtype levels
of camalexin or remain fully resistant despite low levels of this
phytoalexin (Veronese et al., 2004, 2006; Denby et al., 2005; Staal
et al.,2008;Walley et al.,2008; Berr et al.,2010).
TRANSCRIPTIONAL REGULATORS INFLUENCING
HOST–NECROTROPH INTERACTIONS
Induced plant defense components may be uncovered by iden-
tifying transcriptional modulators controlling the expression
of downstream regulatory circuits. Indeed, isolation of a JA-
insensitive mutant designated jin1 revealed that the underlying
gene encodes a basic-helix-loop-helix leucine zipper transcrip-
tion factor named MYC2 (Lorenzo et al.,2004). MYC2 was found
to antagonistically regulate two distinct branches of the JA path-
way. Loss-of-MYC2 function rendered plants more resistant to
bothbiotrophicandnecrotrophicpathogens(Lorenzoetal.,2004;
Nickstadtetal.,2004).Severalwhole-genometranscriptionalpro-
ﬁles of Arabidopsis leaves inoculated with B. cinerea have been
performed (AbuQamar et al., 2006; Ferrari et al., 2007; Rowe
et al., 2010). These studies revealed massive B. cinerea-induced
transcriptional reprogramming in the host affecting up to 20%
(>4700) of the genes represented on the arrays. Among these are
numerous genes encoding transcription factors. AbuQamar et al.
(2006)identiﬁed30putativeDNA-bindingproteingenesthatwere
induceduponB.cinerea infection.Subsequentanalysesof 14loss-
of-functionmutantsof thesegenesrevealedthat ZFAR1,encoding
a novel zinc-ﬁnger protein with an ankyrin repeat, is required
for resistance against this pathogen. Transcriptional proﬁling also
revealedseveralgenemembersof theAP2/ERF-typetranscription
factor family to be strongly induced upon pathogen challenge.
Members of this family have been shown to modulate expres-
sion of JA- and ET-response genes (Gutterson and Reuber, 2004;
Pieterse et al.,2009). Transgenic Arabidopsis lines over-expressing
ERF1 were sufﬁcient to confer resistance toward the necrotrophic
fungi B. cinerea, F. oxysporum, and P. cucumerina (Berrocal-Lobo
and Solano, 2002; Berrocal-Lobo and Molina, 2004). Similarly,
FIGURE 1 | Leaves of 4-week-old wt, wrky33 and pad3 plants were
infected with droplets containing B. cinerea spores of the isolate 2100
from the SpanishType Culture Collection. After 3days leaves were
detached and pictures taken. wrky33 and pad3 exhibited a severe
phenotype with fast growing lesions.
over-expression of ERF59/ORA59 increased resistance toward B.
cinerea whereas RNAi-ORA59 silenced lines were more suscep-
tible (Pré et al., 2008). Both ERF1 and ERF59/ORA59 appear to
be key integrators of the JA and ET-signaling pathways (Pieterse
et al., 2009). Moreover, ORA59 was recently shown to be a key
mediator that counteracts SA-mediated suppression of JA/ET-
response genes (Leon-Reyes et al., 2010). The studies on ORA59
function nicely exemplify the interplay between SA, JA and ET-
signaling, and highlight the importance of hormone concentra-
tionsandinparticularofthekineticsofphytohormonebiosynthe-
sis and signaling in determining the ﬁnal outcome of a particular
plant–pathogen interaction.
Two MYB-type Arabidopsis transcription factors (BOS1/AtMY
B108 and MYB46) have been identiﬁed that regulate distinct
host transcriptional responses toward B. cinerea. MYB46 mod-
ulates secondary cell wall biosynthesis in the vasculature of the
stem but also appears to play a role in disease susceptibility
since myb46 mutants show increased disease resistance toward
B. cinerea (Ramírez et al., 2011). Elevated resistance however was
notdirectlycorrelatedwithanymajoralterationsincellwallpoly-
mer constituents. Transcriptomic analysis revealed that most of
thedifferentiallyexpressedgenesinthemyb46 mutantweredown-
regulated,withasigniﬁcantnumberofgenespredictedtofunction
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in cell wall metabolism and extracellular matrix remodeling and
plant defenses (in particular numerous class III peroxidases, but
also in extracellular plant defenses). A few of the peroxidase
genes have been shown to enhance resistance to B. cinerea upon
over-expression (Chassot et al.,2007).
In contrast, loss-of-BOS1/AtMYB108 function resulted in
increased plant susceptibility to B. cinerea and A. brassicicola
infection (Mengiste et al., 2003). Pathogen-induced activation of
BOS1/AtMYB108 expression partly requires an intact JA signaling
pathway.BOS1/AtMYB108physicallyinteractswithandisubiqui-
tinatedbyaRINGE3ligasedesignatedBOI(Luoetal.,2010).This
regulatory relationship between these two proteins appears to be
important since RNAi-BOI silenced lines were equally susceptible
to B. cinerea as were bos1 mutants.
Two NAC family proteins, ANAC019 and ANAC055, were
demonstrated to function as activators of JA-induced defense
genesdownstreamof MYC2(Buetal.,2008).Ananac019anac055
double mutant showed strong resistance toward B. cinerea infec-
tion similar to that observed for myc2 mutant plants, whereas
ANAC019 and ANAC055 over-expressor lines showed increased
susceptibility. In a second study, the NAC transcription factor
ATAF1 (ANAC002) was also found to be a negative regulator of
defense responses against necrotrophic fungi (Wang et al., 2009).
B. cinerea growth was retarded in the ataf1-2 mutant, while over-
expression of ATAF1 resulted in severe susceptibility to B. cinerea
and to A. brassicicola. Where within the genetic network ATAF1
acts however remains to be determined.
Alterations in local chromatin structure underlying promoters
can be a key component involved in controlling highly restricted
expression of genes. Two such players,namely SPLAYED (SYD),a
SWI/SNFclasschromatinremodelingATPase,andSETDOMAIN
GROUP8 (SDG8), a histone methyltransferase were identiﬁed
that affect distinct plant defense responses. SYD was found to
be directly recruited to promoters of several JA/ET-response
genes, and syd mutants were susceptible to B. cinerea but not
to the biotrophic bacterium Pseudomonas syringae (Walley et al.,
2008). Similarly, SDG8 was required to induce a subset of JA/ET-
response genes and sdg8-1 mutant plants showed reduced resis-
tance toward A. brassicicola and B. cinerea (Berr et al., 2010).
Interestingly, syd and sdg8 mutants both have wildtype-like levels
of camalexin.
WRKY TRANSCRIPTION FACTORS IN DEFENSE TOWARD
NECROTROPHS
Numerous members of the large zinc-ﬁnger-type WRKY tran-
scription factor family have been identiﬁed to play key roles in
regulating defense responses in various plant species to different
pathogens (Pandey and Somssich, 2009). Arabidopsis WRKY70
wasshowntobeimportantforresistanceagainstthenecrotrophic
bacterium Pectobacterium carotovorum (formerly Erwinia caro-
tovora), and it was proposed to act as an integrator of SA and JA
signaling (Li et al.,2004). This gene was also identiﬁed among the
30putativeDNA-bindingproteingenesthatwereinduceduponB.
cinerea infection,andwrky70 mutantsexhibitedenhancedsuscep-
tibility to B. cinerea, although interestingly, these plants remained
fully resistant to the necrotroph A. brassicicola (AbuQamar et al.,
2006).
FIGURE 2 | Leaves of 4-week-old wt (A,C) and wrky33 (B,D) plants
were infected with droplets containing B. cinerea spores. Macroscopic
pictures (A,B) were taken 7day past infection and show conidiophores
growing only on wrky33. For the micrographs (C,D) leaves were stained
with trypan blue 64h past infection to visualize growing fungal mycelium
and dying cells. While on wt the fungus died within the boundaries of the
droplet, fast growing mycelium was observed on wrky33.
Incontrast,wrky33mutantswerefoundtobehighlysusceptible
to both B. cinerea and A. brassicicola indicating that WRKY33 is a
key positive regulator of defenses toward these necrotrophic fungi
(Zheng et al.,2006;Figures1 and 2). Recent studies are beginning
to uncover the mode of action by which WRKY33 integrates host
signaling to confer resistance upon pathogen challenge. WRKY33
has been shown to interact with MAP KINASE 4 (MPK4) and the
MPK4substrateMKS1withinthenucleus(Andreassonetal.,2005;
Qiu et al., 2008). Upon challenge with P. syringae or the MAMP
ﬂg22,MPK4 phosphorylates MKS1,which results in the release of
MKS1 and WRKY33 from the complex, and binding of WRKY33
tothePAD3 promoter.Activationof PAD3 resultsintheincreased
synthesisofcamalexin.TheimportanceofWRKY33forcamalexin
biosynthesis was substantiated in later experiments employing B.
cinerea (Mao et al., 2011). However, in this case activation of
WRKY33 expression and WRKY33 phosphorylation were depen-
dent on the MAP KINASES 3 (MPK3) and 6 (MPK6). Whether
distinctMAPkinasepathwaysareemployeddependentonMAMP
treatmentoronthetypeofpathogenusedforinfection,orwhether
differences in experimental design led to these conﬂicting results
remainstobeclariﬁed.Thattheformermaybethecaseisexempli-
ﬁed by the latest observations demonstrating that whereas MPK3
plays a major role in maintenance of basal resistance toward B.
cinerea it is MPK6 that is the major player in MAMP-triggered
resistanceagainstthenecrotrophicpathogen(Gallettietal.,2011).
One should note however that the vast majority of such studies
have been performed on Arabidopsis seedlings and it remains to
be determined whether the same signaling pathways are utilized
in mature plants.
Interestingly, induced expression of WRKY33 itself appears
to be regulated by WRKY factors including autoregulation by
WRKY33 (Lippok et al., 2007; Mao et al., 2011). Recently two
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other WRKY factors, WRKY50 and WRKY51, have been iden-
tiﬁed that negatively inﬂuence the outcome of Arabidopsis–
B. cinerea interactions (Gao et al., 2011). Mutations in SSI1,
encoding a plastid-localized stearoyl-acyl-carrier protein desat-
urase, render plants susceptible to B. cinerea. WRKY50 and
WRKY51 contribute to this susceptibility since ssi1 wrky50
wrky51 triple mutants were as resistant toward this pathogen
as wild type plants. Genetic studies suggest that WRKY50/51
mediate SA-dependent repression of JA inducible defense
responses but the mechanisms how this is achieved remain
elusive.
SUMMARY AND PERSPECTIVES
The molecular basis for resistance toward necrotrophic pathogens
is still mostly unknown despite recent advances that have uncov-
ered distinct signaling pathways, enzymes, and key regulatory
factors involved in this process. Since comprehensive transcrip-
tional reprogramming is a major determinant in this process
we need to unravel the interwoven regulatory circuits and
deﬁne key regulatory nodes that ultimately inﬂuence proper
host defense gene expression. In the case of WRKY33 we are
currently using global expression microarrays and chromatin
immunoprecipitation combined with next generation sequencing
(ChIP-Seq) to identify downstream target genes. Our particular
focus is on uncovering direct targets encoding additional tran-
scriptional regulators that may deﬁne such regulatory sub-nodes.
These studies should allow us to deﬁne the networks in which
WRKY33actstomaintainrobustplantimmunitytowardB.cinerea
infection.
Equally important however will be to uncover the numerous
mechanisms employed by necrotrophic pathogens to overcome
plant resistance. We still know every little about the evolution-
ary forces that shape plant–necrotrophic fungi interactions. As
recently outlined by Rowe and Kliebenstein (2010) one reason for
this lack of knowledge has to due with our previous failure to
consider and use necrotrophic diversity in former studies. Thus
future research needs to embrace the intraspeciﬁc variation that
exists in these pathogens to fully grasp the biological complexity
of plant–necrotroph interactions.
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